INTRODUCTION H
UMAN EMBRYONIC STEM (hES) CELLS represent a potent source of various cell types because of their unique ability to give rise to all somatic lineages. 1, 2 Because neurons have a limited capacity to regenerate, the derivation of neurons from hES cells holds promise to treat neurological pathologies of the central and peripheral nervous system, such as Parkinson's disease, spinal cord injury, and glaucoma. hES cell differentiation can be induced in monolayer culture 3, 4 or by removing the cells from their feeder layer and growing them in suspension, where they form embryoid bodies (EBs). [5] [6] [7] Current embryonic stem cell research centers on promoting differentiation to a desired lineage, derivation of highly purified cell populations, confirmation of a complete lack of carcinogenic potential, and implantation in a form that will replace, or augment, the function of diseased or degenerating tissues. 8 Alternatively, adult stem cells from various sources are being investigated for their therapeutic potential. 9 However, the accessibility, restricted differentiation potential, and inadequate growth may limit the applicability of adult stem cells for certain applications, including neural tissue engineering. 9 Chemical cues provided directly by growth factors or indirectly by feeder cells can induce hES cell differentiation toward specific lineages. [10] [11] [12] Studies show that neuronal differentiation of hES cells can be induced with retinoic acid (RA), nerve growth factor (NGF), 13 basic fibroblast growth factor (bFGF), 14 and a combination of bFGF and epidermal growth factor (EGF). 4 In addition, we showed that RA can induce neural differentiation and formation of neural tubelike rossettes by hES cells cultured on three-dimensional porous polymer scaffolds. 10 In this study, the potential of various neurotrophins, including NGF and neurotrophin 3 (NT-3), to induce neu-ronal differentiation of hES cells on three-dimensional biodegradable polymer scaffolds to form neural-like tissue was investigated. Neurotrophins are known to play a key role in the differentiation and survival of neurons [15] [16] [17] [18] and were found to promote angiogenesis, 19 an important concept in maintaining the survival of engineered tissues.
MATERIALS AND METHODS

Cell culture
Human embryonic stem (hES) cells (H9 clone) were grown in an undifferentiated status on mouse embryonic fibroblasts (Cell Essentials, Boston, MA) in knockout medum as described. 5 To induce differentiation, hES cell colonies were dissociated with collagenase type IV (1 mg/mL) and suspended in differentiation medium without lymphocyte inhibitory factor and bFGF. 5 
Scaffold preparation
Scaffolds consisting of a 50:50 blend of poly(lacticco-glycolic acid) (PLGA, M n ϳ25 kDa; Boehringer Ingelheim, Ingelheim, Germany) and poly(L-lactic acid) (PLLA, M n ϳ300 kDa; Polysciences, Warrington, PA) were fabricated by a salt-leaching process as described previously, 20 with pores in the range of 250 to 500 m. Scaffolds were cut into rectangular pieces (ϳ4 ϫ 4 ϫ 1 mm) and sterilized overnight in 70% (v/v) ethanol and washed three times in phosphate-buffered saline before seeding. The porous structure of the scaffolds was determined by sputter coating with gold and visualizing by scanning electron microscopy (SEM) (6320 FV; JEOL, Tokyo, Japan).
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Scaffold seeding
Four-and 9-day embryoid bodies (EBs) were trypsinized and 0.9 ϫ 10 6 hES cells were mixed in 25 L of 50% (v/v) medium and Matrigel (growth factor reduced; BD Biosciences Discovery Labware, Bedford, MA). This mixture was pipetted onto the scaffold and solidified in a six-well plate at 37°C and then detached from the dish with a sterile blade. Five milliliters of differentiation medium was added to each well and the hES cellseeded scaffolds were cultured for 14 days with twothirds of the medium exchanged every 3 days. The differentiation medium was supplemented with RA (300 ng/mL; Sigma, St. Louis, MO), NGF (20 ng/mL; R&D Systems, Minneapolis, MN), and NT-3 (20 ng/mL; R&D Systems) either alone or in combination. 
Tissue processing and immunostaining
Statistical analysis
Quantification of immunostaining is reported as the averages and standard deviations of a minimum of two samples in duplicate experiments. One-way analysis of variance (ANOVA) (SigmaStat version 3.0; SPSS, Chicago, IL) was used to determine statistical significance (p Ͻ 0.05).
RESULTS AND DISCUSSION
Biodegradable polymeric scaffolds provide a three-dimensional framework for the growth and development of various tissues. 10, 21 This approach has potential in treating neurological disorders when combined with embryonic stem cells, yet the appropriate conditions for controlling hES cell differentiation need to be defined. In this work, we have seeded hES cells onto scaffolds fabricated from 50% PLGA and 50% PLLA with pore sizes of 250 to 500 m, which were previously shown to degrade on a reasonable time scale and provide an interconnected structure for the seeding and growth of cells. 10 An overall schematic of this process is shown in Fig. 1 . This is the first study that investigates neurotrophin-induced neuronal differentiation of hES cells on three-dimensional polymer scaffolds.
After the 2-week incubation period under various culture conditions, the constructs were partially filled with tissue (as seen in the hematoxylin-and eosin-stained tissue sections in Fig. 2 ). Although neural structures (i.e., rosettes) were found throughout all the different culture environments, the number and maturity of the structures were altered with the addition of RA, NGF, and NT-3 (Fig. 2) . Specifically, the rosette structures consisted of a more defined ring structure with elongated and oriented nuclei in the presence of the neurotrophins. In addition, a more pronounced and larger lumen was visible with the neurotrophins in the culture environment.
When quantified, the number of neural structures varied under the different culture conditions. For this work, a neural structure was defined as a rosette with radially oriented nuclei. When compared with control scaffolds, a significant increase in the number of neural structures was observed for NGF and NT-3 for hES cells isolated from 4-day-old EBs and for NT-3 and a combination of RA and NT-3 for 9-day-old EBs (Fig. 2B) . In general, the addition of RA did not affect the number of structures in the 4-day-old EBs, but did enhance the number for the 9-day-old EBs, illustrating the important effect of EB age on the tissue produced throughout the scaffolds.
Tissue sections stained for nestin, a marker for neural precursor cells, are shown in Fig. 3A . In addition, the area of tissue stained positive for nestin was quantified for each treatment condition and is shown in Fig. 3B . Tis-LEVENBERG ET AL.
sue constructs supplemented with NT-3 demonstrated a significantly higher area of nestin-positive staining for both 4-and 9-day old EBs compared with the control samples, whereas NGF showed a significant difference only for the 4-day-old EBs. RA decreased the staining for nestin for all of the 4-day-old EBs, whereas an increase in nestin staining was seen when the scaffolds were grown in medium supplemented with a combination of NT-3 and RA for 9-day-old EBs. These results indicate the importance of both the age of EBs used as a source for tissue formation and the growth factor signaling during tissue growth and neuronal differentiation.
The sample sections were also stained for ␤ III -tubulin, a marker of neuronal differentiation (histological images shown in Fig. 4A ). When quantified (results in Fig. 4B ), significantly higher staining for ␤ III -tubulin was seen with NT-3 and with combinations of NT-3 and RA and NGF and RA when hES cells were derived from 9-dayold EBs compared with controls. There were no significant changes in ␤ III -tubulin staining for any of the constructs from 4-day-old EBs. These results suggest that the NEUROTROPHIN-INDUCED DIFFERENTIATION timing of nuerotrophin signaling during ES cell differentiation is critical. Although the focus of this work was to examine the potential for neurotrophin-induced differentiation, future work could include investigations of the mechanism for this effect and, specifically, the presence of specific cell receptors based on the age of EBs.
In addition to determining the neural differentiation of the seeded hES cells, histological sections were also stained for the presence of vessel structures after 14 days, as vascularization of tissue-engineered structures is essential in maintaining cell viability of thick tissues. 22 Histological evaluation and immunohistochemical staining for CD31 (shown in Fig. 5 ) demonstrated the presence of capillary-like networks throughout the scaffolds and especially those treated with NGF (seeded with 4-dayold EBs). The presence of RA in the culture medium appeared to inhibit endothelial differentiation and formation of endothelial vessel structures. The inhibitory effect of RA on endothelial vessel formation was also shown with differentiating hES cells derived from 8-day-old EBs. 10 This work demonstrates the effect of growth factor supplementation (especially RA, NT-3, and NGF) as well as the differentiation stage of hES cells on neuronal differentiation and organization into neural-like structures when grown on three-dimensional polymer scaffolds.
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Similar two-dimensional cultures on fibronectin-coated dishes were shown to support some cell differentiation but did not support three-dimensional structure formation. 10 Although this work was done in a controlled in vitro environment to more easily determine the influence of neurotrophins on the differentiation of hES cells, techniques could be used in future to deliver neurotrophins directly from the scaffolds, which would allow for in vivo implantation after seeding. For example, a single growth factor or multiple growth factors incorporated into polymeric scaffolds could be released with scaffold degradation. 
CONCLUSIONS
Neuronal differentiation of hES cells on three-dimensional polymer scaffolds was enhanced in the presence of neurotrophins NGF and NT-3 and, under certain conditions, NGF and NT-3 combined with RA. This trend was evident by an increase in the number and maturity of neural rosette structures throughout the scaffolds and increased staining for both nestin and ␤ III -tubulin in the tissue produced by seeded hES cells. In addition, the age of EBs used as a source of hES cells was important, with 9-day-old EBs leading to greater nestin and ␤ III -tubulin staining than with 4-dayold EBs. Finally, vascular structures were also present throughout the tissue, but decreased in the presence of RA. These results illustrate the potential of neurotrophins in ES cell-based tissue-engineering therapies for treatment of damaged neural tissues.
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